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The gas-phase basicities of monomeric and dimeric deprotonated ferulic and sinapic acids,
common matrix-assisted laser desorption/ionization (MALDI) matrices, were determined. A
new bracketing method based on structure-reactivity correlations was developed for deriving
gas-phase basicities from reaction efficiencies. The matrix dimer anions were found to be
significantly less basic than the monomer anions, by about 115 kJ/mol. The low basicity of the
dimer anion can qualitatively be explained by resonance stabilization. The energies for proton
transfer from dimers to monomers are therefore about 1.2 eV lower than for proton transfer
between monomers. For the MALDI process, proton transfer reactions involving matrix
dimers provide a low energy pathway for matrix and analyte ion formation. (J Am Soc Mass
Spectrom 1999, 10, 1111–1123) © 1999 American Society for Mass Spectrometry
In matrix-assisted laser desorption/ionization(MALDI) [1], matrix ions are thought to act as agentsfor analyte ion formation [2]. For peptides, proteins,
and oligonucleotides, gas-phase proton transfer reac-
tions between matrix and analyte are assumed to dom-
inate analyte ionization [3, 4]. As a basis for discussion
of possible plume reactions, thermochemical matrix and
analyte data are imperative. Thermochemical data on
matrix species have been determined by several groups,
including gas-phase basicities (GB) of matrix molecules
[5–8], neutral matrix fragments [7], and deprotonated
matrix molecules [9]. Analyte gas-phase basicities have
been measured [10–13] or can be estimated from chem-
ical analogs [9]. With these data, the ongoing discussion
about ionization processes in MALDI has become more
substantial and proton transfer energetics can now be
quantified in many cases. For example, it has recently
been shown that ground state proton transfer reactions
from neutral oligonucleotides to deprotonated matrix
molecules are energetically favorable with common
ultraviolet (UV) MALDI matrices [9].
However, neither the identity of the primary matrix
ions is known, nor is it clear how they form. In a recent
review, possible mechanisms have been discussed in
detail [14]. It was concluded that direct photoionization
of matrix molecules or matrix clusters is an unlikely
process. Based on data for matrix anions that have
recently been determined [9], energy pooling followed
by a proton disproportionation reaction between two
neutral matrix molecules was considered as a candidate
for primary ion formation. The required energy of
about 5 eV is much less than the energy of two photons
with 337 nm, the wavelength usually employed in UV
MALDI. This mechanism is also attractive because it
directly yields a pair of protonated and deprotonated
matrix ions which are then available for protonation or
deprotonation reactions with analyte molecules.
Besides monomeric ion species, matrix dimer ions
are also often observed in MALDI mass spectra and
may therefore play a role in the ionization process. Here
we present thermochemical data on monomeric and
dimeric matrix species that are typically detected in a
MALDI plume, and suggest a pathway for primary ion
formation which is about 1.2 eV lower in energy than
the disproportionation between two neutral matrix
molecules. We further demonstrate that energies re-
quired for proton transfer between neutral matrix
dimers and neutral analyte molecules can be as low as
3 eV.
Experimental
Time-of-flight (TOF) spectra were recorded on a linear
TOF instrument equipped with a nitrogen laser (Laser
Science, VSL-337ND-T) for laser desorption/ionization
(LDI) at 337 nm. Attenuation of the laser was achieved
by placing a number of glass slides in the beam path.
Ions were extracted using a 25 kV acceleration voltage
and detected with a microchannel plate detector.
Bracketing and collision-induced dissociation (CID)
experiments were performed utilizing a Fourier trans-
form ion cyclotron resonance (FT-ICR) mass spectrom-
eter with a 4.7 tesla superconducting magnet (Bruker,
Fa¨llanden, Switzerland). The rf electronics and Odyssey
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data acquisition system were from Finnigan (Finnigan
FT/MS, Madison, WI). The laboratory-built vacuum
system [7] comprised a cylindrical ion cell with unit
aspect ratio and a transfer device for insertion of solid
samples. The sample target was positioned approxi-
mately 1.5 cm from one trapping plate of the cell. Prior
to starting a bracketing experiment, the vacuum system
was cleaned with a bakeout procedure and then al-
lowed to cool to room temperature (300 K). The instru-
ment base pressure was below 1029 mbar. For laser
desorption, a Nd:YAG laser (Minilite ML-10, Contin-
uum, Puchheim, Germany) operated at 355 nm was
employed. In all experiments reported here, the laser
irradiance was approximately 5 3 106 W/cm2 or less.
Anions were generated by laser desorption from solid
or liquid/solid samples and trapped within a 21 V
static potential. Thermalization of the ions was per-
formed by applying a nitrogen or argon gas pulse.
During the 10 s cooling delay, the pressure increased to
5 3 1025 mbar and then dropped to the base pressure.
Subsequently, a stored waveform inverse Fourier trans-
form (SWIFT) and/or chirp waveform was used for
isolation of the desired anion.
The reference compounds for the bracketing reac-
tions were sublimed in the vacuum system from a solid
sample, which provided a constant partial pressure of
the reference compound. However, in many cases the
partial pressure of the reference compounds was too
high (.1027 mbar) to allow experiments with the solid
material. In these instances, the reference material was
inserted into the main chamber and allowed to sublime
and cover the instrument walls prior to the actual
experiment. After this “contamination” period of 10 to
30 min, the remaining solid material was removed from
the vacuum system. A suitable working pressure was
then obtained after a subsequent pumpdown of approx-
imately 1–5 h. During the entire experiment, the partial
pressure of the reference compound continued to drop
slowly, by approximately 50% in 1.5 h. However, we
continuously probed the partial reference compound
pressure by monitoring products from an exoergic
reaction as described below. The reference compound
pressure drop between probing the bracketing reaction
and probing the partial pressure was always less than
5.5% (4.4% on average). The reactions were monitored
over a time period of up to 40 s.
In the matrix monomer bracketing experiments, the
reference compound partial pressure was probed by
reacting the reference compound with acetate (GB 5
1429 6 8.4 kJ/mol [15]). This is a highly exoergic reac-
tion (DGB . 40 kJ/mol) in all cases, except with
para-nitroaniline. For these experiments, sinapic acid
(SA) or ferulic acid (FA) was mixed with tetrabutylam-
monium acetate (molar ratio approximately 1:2) and
dissolved in H2O. Silicon particulates were suspended
in the resulting solution to form a binary matrix as
described in [16]. From this mixture, intense signals of
both acetate and matrix monomer anions were obtained
by laser desorption. The ion of interest was then iso-
lated using SWIFT and/or chirp excitation.
FA and SA dimer anions were not formed by laser
desorption from this binary matrix. However, both
monomeric and dimeric SA and FA anions were formed
by laser desorption from pure solid SA or FA samples,
as illustrated in Figure 1. We therefore simply used the
exoergic monomer reactions to probe the reference
compound partial pressure in the dimer bracketing
experiments. This procedure allowed us to rapidly
probe the reference compound partial pressure without
changing the sample or employing other ionization
methods.
Sinapic acid, ferulic acid, tetrabutylammonium ace-
tate, 2,4,6-trimethylbenzoic acid, 4-hydroxybenzoic
acid, 3-nitrobenzoic acid, 4-cyanobenzoic acid, 2-hy-
droxybenzoic acid, 2,3-dinitrophenol, 2,4-dinitrophe-
nol, and picric acid were purchased from Fluka (Buchs,
Switzerland). 3-Hydroxypicolinic acid, para-nitroani-
line, 2-chloro-4-nitrophenol, and silicon particulates
Figure 1. Laser desorption/ionization mass spectra of ferulic
acid in positive [(a), (b)] and negative polarity [(c), (d)]. The laser
irradiance was approximately 5 3 106 W/cm2. Mass spectra in (a)
and (c) were obtained with a linear TOF instrument and a nitrogen
laser (337 nm), and mass spectra in (b) and (d) were obtained with
a FT-ICR instrument and a Nd:YAG laser (355 nm).
1112 BREUKER ET AL. J Am Soc Mass Spectrom 1999, 10, 1111–1123
(325 mesh) were obtained from Aldrich (Buchs, Swit-
zerland).
MALDI Matrix Spectra
Figure 1a–d shows typical laser desorption/ionization
matrix spectra of ferulic acid in positive and negative
polarities. The spectra in Figure 1a, c were obtained
with the TOF instrument, while those in 1b, d were
obtained using the FT-ICR mass spectrometer. In posi-
tive polarity, protonated FA (m/z 195) and a fragment
ion resulting from H2O loss (m/z 177) were the domi-
nant peaks. In negative polarity, the major signals were
those of deprotonated FA monomer (m/z 193) and
dimer (m/z 387). Additionally, a relatively small number
of cluster ions consisting of three and four FA molecules
were detected in negative mode, but the dimer anion
was always the most abundant. The SA mass spectra
(not shown) exhibited essentially the same characteris-
tics as those of FA. Even on the longer time scale of the
FT-ICR experiment, the FA and SA dimer anions were
found to be stable, thus allowing us to probe their
thermochemical properties by ion–molecule reactions.
Bracketing Experiments
Calculation of Reaction Efficiencies
After thermalization and SWIFT isolation, the matrix
anions under study ([M 2 H]2 or [M2 2 H]
2) were
allowed to undergo reactions with reference molecules
R as in reactions 1 and 2
[M 2 H]2 1 R3M 1 [R 2 H]2 (1)
[M2 2 H]
2 1 R3M2 1 [R 2 H]
2 (2)
For each of these reactions under study, an exoergic
deprotonation reaction with the reference compound
was also monitored for the purpose of determining its
partial pressure.
Consider the reactions of ions B1 and B2 with the
same reference compound R:
B1 1 RO¡
k1
products (3)
B2 1 RO¡
k2
products (4)
where k1 and k2 are the respective reaction rate con-
stants. For a given reference compound partial pressure
[R], the integrated rate laws are
ln
[B1]
[B1]0
5 2k1t[R] and ln
[B2]
[B2]0
5 2k2t[R]
(5)
with [B1]0 and [B2]0 being the initial ion concentrations.
Provided that no loss of ions occurs during the experi-
ments, initial ion concentrations equal total ion concen-
trations at any stage of the respective reaction. There-
fore, the measured B1 and B2 concentrations can be
normalized to the initial ion concentrations:
[B1]n 5
[B1]
[B1]0
and [B2]n 5
[B2]
[B2]0
(6)
Combining 5 and 6, the rate laws can be written as
ln[B1]n 5 2k1t[R] and ln [B2]n 5 2k2t[R]
(7)
If both reactions are probed at t 5 tx, then it follows
that
ln[B1]n
ln[B2]n
5
2k1tx[R]
2k2tx[R]
5
k1
k2
(8)
If reaction 4 is exoergic and every collision results in
proton transfer, then k2 equals the collision rate con-
stant kcoll, and the efficiency of reaction 3, RE, can be
expressed in terms of normalized concentrations of B1
and B2:
RE 5
k1
kcoll
5
ln[B1]n
ln[B2]n
(9)
This means that, instead of determining reaction rates,
RE can be simply determined by measuring the relative
abundances of B1 and B2 at any arbitrary reaction time
tx. In practice, reactions 3 and 4 were probed immedi-
ately one after the other in separate experiments. Al-
though the reference compound partial pressure [R]
dropped slowly, it remained essentially constant on the
relatively short timescale of the two experiments and
the normalized abundances were used to calculate
reaction efficiencies from eq 9.
In Figure 2, reaction efficiencies calculated from eq 9
are presented as a function of the reaction time. In
Figure 2a, efficiencies for the ferulic acid dimer anion
reaction with 2,4-dinitrophenol are depicted. The aver-
age efficiency of this deprotonation reaction was small,
0.078 6 0.005. In contrast, the efficiency for the ferulic
acid monomer anion reaction with 3-hydroxypicolinic
acid was 0.55 6 0.02 (Figure 2b). As expected from the
theory above, the reaction efficiencies for a given reac-
tion do not depend on the time tx after which the
reaction is probed. With this method, the average error
in determining reaction efficiencies was 6%. This is
much less than typical errors in determining reaction
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efficiencies from rate constants, which were up to 25%
[13].
Although the reaction efficiencies did not generally
depend on the time after which the reaction was
probed, the dimer reactions with picric acid were an
exception. The efficiencies of the picric acid deprotona-
tion reactions by FA and SA dimer anions were found
to depend on the reaction time as depicted in Figure 2c.
The apparent RE values were initially much larger than
unity and decreased with increasing reaction time. This
behavior appears problematic, but can be understood
by taking a closer look at the chemistry which can occur
inside the FT-ICR cell. The reaction efficiencies are
defined as the ratio of the forward reaction rate constant
and the collision rate constant. Back-reactions from
products to reactants have been neglected. For most of
our experiments, this is a reasonable assumption be-
cause the sublimation pressures of solid FA and SA are
negligible and do not provide significant numbers of
matrix molecules or neutral matrix dimers for the
back-reaction. The two-phase sample preparations also
did not evaporate detectable amounts of any neutral
molecules involved in the reactions. However, it is
known that upon laser desorption/ionization from
solid MALDI matrices a large number of neutral mole-
cules is liberated, typically a 10,000-fold excess above
the number of ions [17]. With our experimental setup,
this neutral matrix material can in part reach the cell
volume and is then available for the reverse of reaction
1. The back-reaction of reaction 2 will not proceed
because laser-desorbed neutral matrix dimers are, due
to energetic collisions in the expanding plume, unlikely
to survive on the longer time scale of the FT-ICR
experiment. In contrast to the relatively strong ion–
dipole bonding in the matrix dimer anions (see below),
only hydrogen bonding keeps the neutral matrix dimers
together, which are thereby less stable. If the reverse of
reaction 1 is possible, but not of reaction 2, then reaction
1 will appear to proceed slower than reaction 2. For the
dimer bracketing, reaction 2 was used as a reference
reaction. This explains the RE values larger than unity
for the picric acid deprotonation reaction through the
FA and SA dimer anions. The laser-desorbed molecules
will then slowly be pumped out of the cell volume,
which is in agreement with the decreasing reaction
efficiencies at longer reaction delays.
In accordance with typical exponential pressure
drops, the reaction efficiencies for the picric acid dep-
rotonation were fitted with exponential functions, and
the long-time asymptotes were used as the “true”
reaction efficiencies. This “decay” in reaction efficiency
was only observed in the dimer deprotonation reactions
with picric acid, but neither in the monomer bracketing
nor in the dimer reactions with 2,3-dinitrophenol or
2,4-dinitrophenol. It must be assumed that laser-des-
orbed SA and FA were also available in the latter
reactions, but here the back-reactions obviously did not
affect the relatively small reaction efficiencies (see Fig-
ure 2a).
The rather simple treatment leading to eq 9 requires
that at a given partial pressure [R], B1 and B2 undergo
the same number of collisions in a given volume and
time interval. However, if bases B1 and B2 have different
masses, they will have different thermal velocities. As a
consequence, the collision rate constants for reactions 3
and 4 will be different. In order to account for this, a
correction factor derived from average dipole orienta-
tion (ADO) theory was introduced. In the ADO model
[18], the collision rate constant in an ion/molecule
reaction is given by
Figure 2. Reaction efficiencies calculated from relative ion abun-
dances as a function of reaction time for reactions with different
efficiencies. (a) RE 5 0.078 6 0.005 for [FA2 2 H]
2 reacting with
2,4-dinitrophenol, (b) RE 5 0.55 6 0.02 for [FA 2 H]2 reacting
with 3-hydroxypicolinic acid. Solid lines in (a) and (b) are linear fit
functions with zero slope. Apparent reaction efficiencies as a
function of reaction time for the picric acid deprotonation reaction
through the ferulic acid dimer anion are shown in (c). Apparent
REs much larger than unity were initially obtained due to back-
reactions of product ions with laser-desorbed neutral matrix
molecules. Neutral matrix molecules will slowly be pumped out of
the cell volume, preventing the back-reaction to proceed at longer
reaction times. The exponential fit function [solid line in (c)]
approaches an asymptotic value after sufficiently long reaction
times.
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kcoll 5
2pq
˛m S ˛a 1 cmD˛ 2pkTD (10)
where q is the ionic charge, m the reduced mass of ion
and neutral, k the Boltzmann constant, and T the
temperature. All other parameters in eq 10 refer to the
neutral molecule only, i.e. its polarizability a, its dipole
moment mD, and the parameter c which compensates
for the effectiveness of “charge locking” in the dipole
[18]. If reaction 3 occurs between collision partners with
reduced mass m1, and reaction 4 occurs between colli-
sion partners with reduced mass m2, then the ratio of
collision rate constants can be expressed in terms of
their reduced masses. The expression in parentheses in
eq 10 cancels out in the rate constant ratio because here
in both reactions the ions collide with the same neutral
molecule:
kcoll1
kcoll2
5
˛m2
˛m1
(11)
Assuming that reaction 4 is highly exoergic, then k2
equals kcoll2, but what we need to know is kcoll1. From eq
11, we can now calculate kcoll1, and the reaction efficien-
cies obtained from relative ion abundances can be
expressed as
RE 5
k1
kcoll1
5 ˛m1m2 ln[B1]nln[B2]n (12)
In the experiments reported here, the correction factor
was between 1.14 and 1.48. As a consequence, the
corrected reaction efficiencies were always higher than
the uncorrected reaction efficiencies.
The uncorrected (from eq 9) and corrected reaction
efficiencies (from eq 12) are given in Table 1. The error
in reaction efficiency for RE 5 0 was estimated from the
smallest signal-to-noise ratio, which was about 250,
resulting in an absolute error of 60.004.
The uncorrected reaction efficiencies did not exceed
unity, but corrected efficiencies significantly larger than
1 were obtained in two cases. This is most likely the
result of an overestimated ADO correction factor. ADO
theory is derived from a point charge model, and
deviations due to the finite ion size may occur, espe-
cially if charge is delocalized [18]. Charge delocalization
certainly occurs in deprotonated carboxylic acid
groups, and can be even more significant if the alkyl
group is conjugated. The ferulic acid anions were on
average found to be slightly more reactive than the
sinapic acid anions. This can be explained if deproto-
nation occurs at the phenolic rather than at the carbox-
ylic hydroxyl group. Then proton transfer to the phe-
nolic oxygen is more sterically hindered in SA than FA,
because SA has two neighboring methoxy groups and
FA only one, as illustrated in Scheme 1. Both the finding
of reaction efficiencies larger than unity and the en-
hanced reactivity of the FA over the SA anions suggest
that the negative charge is delocalized in the matrix
anions and that resonance structures exist where the
charge is either located at the carboxylic acid function
Table 1. Corrected reaction efficiencies calculated from eq 12 and uncorrected reaction efficiencies (in parentheses) calculated from
eq 9. PNA 5 para-nitroaniline, TMBA 5 2,4,6-trimethylbenzoic acid, 4HBA 5 4-hydroxybenzoic acid, HPA 5 3-hydroxypicolinic acid,
NBA 5 3-nitrobenzoic acid, CBA 5 4-cyanobenzoic acid, 2HBA 5 2-hydroxybenzoic acid, CNP 5 2-chloro-4-nitrophenol, 23DNP 5
2,3-dinitrophenol, 24DNP 5 2,4-dinitrophenol, and PIC 5 picric acid
Reference
compound [FA 2 H]2 [SA 2 H]2 [FA2 2 H]
2 [SA2 2 H]
2
PNA 0 6 0.004 0 6 0.004 0 6 0.004 0 6 0.004
TMBA 0.46 6 0.02 0.34 6 0.03 0 6 0.004 0 6 0.004
(0.32 6 0.01) (0.23 6 0.02)
4HBA 0.50 6 0.02 0.51 6 0.02 0 6 0.004 0 6 0.004
(0.36 6 0.01) (0.36 6 0.02)
HPA 0.77 6 0.02 0.90 6 0.06 0 6 0.004 0 6 0.004
(0.55 6 0.02) (0.63 6 0.04)
NBA 0.84 6 0.03 0.83 6 0.02 0 6 0.004 0 6 0.004
(0.59 6 0.02) (0.56 6 0.01)
CBA 1.29 6 0.07 0.89 6 0.03 0 6 0.004 0 6 0.004
(0.91 6 0.05) (0.61 6 0.02)
2HBA 1.16 6 0.06 0.88 6 0.03 0 6 0.004 0 6 0.004
(0.83 6 0.04) (0.62 6 0.02)
CNP — — 0 6 0.004 0 6 0.004
23DNP — — 0.011 6 0.005 0.016 6 0.005
(0.009 6 0.004) (0.014 6 0.004)
24DNP — — 0.090 6 0.006 0.055 6 0.006
(0.078 6 0.005) (0.048 6 0.005)
PIC — — 1.05 6 0.1a 1.0 6 0.1a
(0.9 6 0.1)a (0.86 6 0.1)a
aSee text.
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or at the para-hydroxy group as pictured in Scheme 1 for
the dimer anion of FA.
Determination of Gas-Phase Basicities from
Reaction Efficiencies
Para-nitroaniline could not be deprotonated by either
monomer or dimer anions from ferulic or sinapic acid,
even though the monomer anions formed intense het-
erodimer complex anions. The deprotonation reactions
with para-nitroaniline were all endoergic. With 2,4,6-
trimethylbenzoic acid, 4-hydroxybenzoic acid, 3-hy-
droxypicolinic acid, and 3-nitrobenzoic acid, the FA and
SA monomer reactions were near-thermoneutral,
whereas the dimer reactions were all endoergic. The FA
and SA monomer reactions with all other reference
compounds were classified as exoergic. Deprotonation
by FA and SA dimer anions was observed with 2,3-
dinitrophenol, 2,4-dinitrophenol, and picric acid. Be-
cause of their small efficiencies, the dinitrophenol reac-
tions were classified as near-thermoneutral, whereas
the reactions with picric acid were clearly exoergic.
The GBs of the reference anions used are listed in
Table 2. Reference compounds on the low end of the
anion basicity scale are sparse, so dimer bracketing was
of necessity performed with fewer reference com-
pounds than monomer bracketing.
In a conventional bracketing experiment, reactions
with efficiencies smaller than 0.1 are usually considered
endoergic, and efficiencies greater than 0.1 indicate
exoergic reactions [13, 19]. From this standpoint, both
the FA and SA monomer anion basicities are bracketed
between para-nitroaniline (1407 kJ/mol) and 2,4,6-trim-
ethylbenzoic acid (1389 kJ/mol), indicating a GB value
for both [FA 2 H]2 and [SA 2 H]2 of 1398 6 9 kJ/
mol. This locates the deprotonated SA and FA matrix
anions on the higher end of the matrix anion basicity
scale recently determined in our group [9]. The FA and
SA dimer anions, [FA2 2 H]
2 and [SA2 2 H]
2, were
bracketed between 2,4-dinitrophenol (1291 kJ/mol) and
picric acid (1267 kJ/mol), yielding GB values of 1279 6
12 kJ/mol.
An expression for reaction efficiencies that can be
used to derive gas-phase basicities was suggested in
[20]:
RE 5 S1 1 exp FDG 1 DGaRT GD
21
(13)
where DG is the difference in GB of test and reference
compounds, R the gas constant, T the temperature, and
DGa accounts for an “intrinsic barrier” separating reac-
tants and products. In [20], DGa is assumed to be nearly
constant and probably small for proton transfer reac-
tions. In bracketing experiments, though, both the GB of
the test compound and DGa are unknown, and cannot
independently be determined from reaction efficiencies
using eq 13. It was also argued in [20] that the temper-
Scheme 1. Structures of ferulic and sinapic acids (top) and
deprotonated ferulic acid dimer [FA2 2 H]
2 (below). Dimer dep-
rotonation can occur at phenolic or carboxylic sites. The resonance
structures involving intermolecular ion–dipole interaction proba-
bly account for the strong stabilization of the dimer anion.
Table 2. Gas-phase basicities of the reference anions used
Reference compound
Gas-phase
basicity of the
corresponding anion
(kJ/mol)
para-nitroaniline 1407 6 8.4a
2,4,6-Trimethylbenzoic acid 1389 6 8.4a
4-Hydroxybenzoic acid 1376 6 8.4a
3-Hydroxypicolinic acid 1365 6 11.5b
3-Nitrobenzoic acid 1347.5 6 8.4a
4-Cyanobenzoic acid 1342 6 8.4a
2-Hydroxybenzoic acid 1330 6 8.4a
2-Chloro-4-nitrophenol 1322 6 8.4a
2,3-Dinitrophenol 1295 6 8.4a
2,4-Dinitrophenol 1291 6 8.4a
Picric acid 1267 6 8.4a
aFrom [15].
bFrom [9].
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ature T is an “effective temperature” of internally
excited ions rather than the temperature at which the
experiment is performed. Proton transfer reactions with
higher exoergicity should then result in higher effective
ion temperatures. However, effective ion temperatures
are not correlated with exoergicities in eq 13.
In [20], temperatures of up to 860 K were derived
from analyses using eq 13. Witt and Gru¨tzmacher also
applied eq 13 to two sets of bracketing data and found
temperatures of 633 and 859 K [19]. When applying eq
13 to the data reported here, temperatures of up to 1400
K were obtained. Besides the abovementioned fact that
a uniform internal ion temperature cannot be expected
from a series of reactions with differing exoergicities,
we consider these temperatures too high to be reason-
able.
To avoid the above problems, we used a different
approach to analyzing our data and to determine GB
values. Instead of correlating reaction rates directly
with DG, rates are expressed in terms of activation
energies Ga. DG is a purely thermochemical parameter,
whereas Ga is a purely kinetic parameter and a measure
of reactivity. By use of structure-reactivity correlations,
Ga can then be correlated with DG, e.g., for a given
series of reactions, Ga can be expressed as a function of
DG [21]. A well-known case in structure-reactivity
correlations is frequently observed for slow reactions
over a relatively small DG range: the so-called linear
free energy relations (LFER) [22], in which Ga is as-
sumed to be linearly related to DG. The LFER approach,
applied in both solution and gas-phase chemistry, is
based on the idea that as a reaction becomes thermody-
namically more favorable, its activation energy linearly
decreases. However, it was shown that the LFER model
is not in agreement with experimental data when reac-
tions are fast and/or the DG range is broad [21]. This
makes the LFER approach unsuitable for a bracketing
experiment, because fast reactions certainly occur in a
bracketing series, and the range of reference basicities is
chosen to be as large as possible. A correlation of
activation energies, Ga, and free energy changes, DG, in
concerted reactions that entirely describes experimental
data over a broad DG range (covering fast and slow
reactions) was suggested by Agmon and Levine [21, 23].
We consider this correlation appropriate for the condi-
tions in a bracketing series:
Ga 5 DG 2 l ln
1
1 1 exp~2DG/l!
(14)
The independent parameter l is positive and constant
for a given reaction series. For gas-phase proton transfer
reactions, values for l between 14.5 and 19.3 kJ/mol
have been reported [21]. The latter values were reported
for the gas-phase reactions of the type D2 1 HX 3
DH 1 X2 with HX being CH3OH, H2O, HCl, C2H2,
H2S, CCl3H, H2, NH3, and ND3 [24], and for proton
transfer reactions from ketones [25], respectively. From
reactions of the type X2 1 CH4CN 3 XH 1 CH3CN
2
with XH being H2, DH, NH3, H2O, C2H2, and CH3OH
[26], and for anionic proton transfer reactions involving
amines [27], l values of 15.7 and 15.1 kJ/mol were
derived, respectively. Lambda is related to the “intrinsic
barrier” of a reaction series, that is the activation energy
at thermoneutrality, by [21]
Ga
0 5 Ga~DG 5 0! 5 l ln 2 (15)
The intrinsic barrier accounts for the fact that thermo-
neutral reactions do not proceed spontaneously and
that even highly exoergic reactions can proceed with
reduced rates. Characteristics that are known to de-
crease reaction rates are charge delocalization and steric
hindrance [28]. For example, Dodd and co-workers
found that gas-phase proton transfer reactions between
alkoxide anions and neutral alcohols with 25 kJ/mol
exothermicity were less than 100% efficient [28], and
attributed this to the presence of substantial intrinsic
barriers.
The rate constant k of a reaction is determined by its
activation energy Ga,
Ga 5 2RT ln S kZD or kZ 5 exp S2 GaRTD (16)
where Z is the largest possible rate constant, corre-
sponding to Ga 5 0 [21]. In gas-phase reactions, Z
equals the collision rate constant. For the matrix anion
(B1) reacting with various reference compounds, R, it
follows that
kB1
kcoll1
5 exp S2 Ga,B1RT D (17)
where Ga,B1 are the activation energies for each reaction:
Ga,B1 5 DG1 2 l1 ln
1
1 1 exp~2DG1/l1!
(18)
with
DG1 5 GB([R 2 H]
2) 2 GB(B1) (19)
Here GB(B1) is the GB of the matrix anion under study,
and GB([R 2 H]2) is the GB of the reference anion. The
set of reactions for probing the partial reference com-
pound pressure was performed with base B2:
kB2
kcoll2
5 exp S2 Ga,B2RT D (20)
The activation energies Ga,B2 are given by
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Ga,B2 5 DG2 2 l2 ln
1
1 1 exp~2DG2/l2!
(21)
with
DG2 5 GB([R 2 H]
2) 2 GB(B2) (22)
GB(B2) is the GB of the ion used for probing the partial
reference compound pressure (CH3COO
2 in the mono-
mer bracketing and [FA 2 H]2 or [SA 2 H]2 in the
dimer bracketing). Combining eqs 11, 12, 17, and 20, we
obtain a new expression for the reaction efficiencies:
RE 5 ˛m1m2 kB1kB2 5 ˛m1m2 ln[B1]nln[B2]n 5 exp SGa,B2 2 Ga,B1RT D
(23)
Substituting 18 and 21 for the activation energies,
reaction efficiencies can be written as
RE 5 exp F 1RTSDG2 2 DG1
2 l2 ln
1
1 1 exp~2DG2/l2!
1 l1 ln
1
1 1 exp~2DG1/l1!
DG (24)
In eq 24, l1 and GB(B1) are independent parameters.
Thus, by fitting the experimental data with eq 24, both
the gas-phase basicity of the matrix anion under study
and the corresponding l value can be deduced, from
which we can calculate activation energies. This, of
course, requires that the reaction of B2 with R is
well-characterized and that not only GB(B2), but also l2
is known. In the [FA 2 H]2 and [SA 2 H]2 bracketing,
the reaction with acetate anion was employed as a
reference reaction. The GB of the acetate anion is known
[15], but the l value or, equivalently, the intrinsic
barrier for the series of gas-phase acetate reactions is
not. To a first approximation, we therefore assumed
that the l value for the acetate reactions is within the
region of reported values, e.g., between 14.5 and 19.3
kJ/mol.
The reaction efficiency in eqs 23 and 24 expresses the
reactivity of B1 with respect to the reactivity of B2 and
thus is a relative parameter. If the reaction of B2 with R
is highly exoergic and proceeds at the collision rate, the
RE in eqs 23 and 24 is the classical reaction efficiency.
However, the reaction of B2 with R does not generally
need to be highly exoergic. In such cases, the RE in eqs
23 and 24 will deviate from the classical reaction
efficiency, but still be a measure of relative reactivity of
B1, from which l1 and GB(B1) can be derived.
We applied eq 24 to our data sets keeping T constant
at the true experimental temperature of 300 K. A
nonlinear least-square fitting procedure was utilized
and the RE standard deviations were used for weight-
ing the RE fit. The corrected reaction efficiencies as a
function of reference anion GB and the obtained fit
functions of the type 24 are shown in Figure 3a, b for FA
and SA, respectively. From these fit functions, gas-
phase basicities of SA and FA monomer and dimer
anions were derived. In the monomer bracketing, l2
was estimated to be 16.9 kJ/mol. This choice did not
strongly affect the derived GB(B1) and l1 values: With
l2 5 14.5, 16.9, or 19.3 kJ/mol, the derived gas-phase
basicities of SA monomer anion were 1400.8 6 1.3,
1399.8 6 1.2, or 1399.2 6 1.1 kJ/mol, and l1 values
were 14.0 6 0.5, 14.6 6 0.5, or 15.6 6 0.4 kJ/mol, re-
spectively.
Table 3 summarizes the results of this analysis.
Errors for GB and l values were obtained from a
covariance analysis. The GBs of the FA and SA mono-
mer anions were within the error limits found to be
similar and ;1400 kJ/mol. The GBs of the dimer anions
of SA and FA were also found to be similar and about
1285 kJ/mol. The GB values obtained from data analy-
Figure 3. Corrected reaction efficiencies calculated from eq 12 as
a function of reference anion gas-phase basicity for the ferulic acid
reactions (a) and the sinapic acid reactions (b). The dashed lines
are fit functions of the type 24 for the monomeric FA and SA
anions, and solid lines are fit functions of the type 24 for the
dimeric FA and SA anions.
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sis using eq 24 at T 5 300 K are in excellent agreement
with the qualitative bracketing results discussed above.
The decreased basicity of the dimer anions when com-
pared to the monomer anions can qualitatively be
explained by resonance stabilization (see Scheme 1).
Resonance stabilization is stronger in the dimer than in
the corresponding monomer anion due to ion–dipole
interaction.
The l1 values for the matrix monomer reactions were
13.4 and 14.6 kJ/mol, well within the typical region. The
l1 values for the dimer bracketing were substantially
lower, 3.5 and 4.8 kJ/mol. The fact that only a few
reference bases were available in the dimer bracketing
experiments results in relatively large errors for l1, but
the difference in l1 values for monomer and dimer
reactions is unambigious. The activation energies at
thermoneutrality, the “intrinsic barriers,” can be calcu-
lated from eq 15. These energies are 9.3 6 0.3, 2.4 6 1.4,
10.1 6 0.3, and 3.4 6 1.6 kJ/mol for the FA monomer
anion, the FA dimer anion, the SA monomer anion, and
the SA dimer anion, respectively. With the data derived
from the fit functions, we can calculate the activation
energies for the various reactions from eq 14. Activation
energies for the sinapic acid monomer and dimer anion
reactions as a function of exoergicity are shown in
Figure 4. In both cases, the activation energy decreases
nonlinearly as the reaction becomes thermochemically
more favorable. For the monomer reactions, the activa-
tion energies are higher than for the dimer reactions
and also their decrease with increasing exoergicity is
slower when compared to the dimer reactions. This
means that for a given exoergicity, reactions involving
FA or SA dimer anions should proceed faster than the
monomer reactions. The decreased intrinsic barriers in
the dimer reactions when compared to the monomer
reactions can be attributed to the fact that in the dimer
four potential deprotonation sites are present, and in
the monomer only two.
Collision-Induced Dissociation
Experiments
CID experiments were performed in order to investi-
gate the nature of the bonding in the matrix homodimer
anions under study. An argon pressure pulse provided
the collision gas. During the high pressure period, a
single frequency rf waveform was applied. Ion excita-
tion was performed on resonance at 160.930 and 185.880
kHz for the sinapic and ferulic acid dimer anions,
respectively. The laboratory frame translational energy
Ekin,lab imparted into the ions was calculated using eq
25 [29]:
Ekin,lab 5
q2E0
2texc
2
8m
(25)
where q is the charge, m the mass of the ion, texc the
duration of the applied waveform (400 ms), and E0 is the
magnitude of the oscillating electric field excitation. E0
is given by
E0 5
bUpp
d
(26)
where b 5 0.80818 is the geometrical factor for cylin-
drical cells with unity aspect ratio [29], Upp is the
applied peak-to-peak voltage, and d 5 0.06 m is the
diameter of our ICR cell. In these experiments, the
kinetic energy of the ions was changed by varying the
applied voltage Upp. The center-of-mass energy was
calculated according to eq 27 [30]:
ECM 5 Ekin,lab
mgas
mgas 1 mion
(27)
where mgas is the mass of the collision gas and mion is
the mass of the ion to be dissociated. The CID waveform
was followed by a 10 s pumpdown delay, after which
the product ions were excited to larger radii by apply-
ing a chirp waveform and subsequently detected.
In Figure 5, mass spectra obtained after isolation and
excitation of the ferulic acid dimer anion, [FA2 2 H]
2,
are presented. The center-of-mass energies were 0.02,
Table 3. Gas-phase basicities of ferulic and sinapic acid
monomer and dimer anions and l1 values derived from data
analysis as described in the text
Gas-phase
basicity
(kJ/mol) l1 (kJ/mol)
[FA 2 H]2 1399.4 6 1.0 13.4 6 0.4
[FA2 2 H]
2 1285.6 6 1.1 3.5 6 2.0
[SA 2 H]2 1399.8 6 1.2 14.6 6 0.5
[SA2 2 H]
2 1285.0 6 1.6 4.8 6 2.4
Figure 4. Calculated activation energies Ga for deprotonation of
reference molecules via the SA monomer (dashed line) and SA
dimer (solid line) anions as a function of reference anion gas-phase
basicity. The curves were calculated from eq 14 using the GB and
l values from Table 3. The dashed and solid vertical lines indicate
the activation energies for the respective thermoneutral reactions.
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1.74, and 2.58 eV in Figure 5a, b, c, respectively.
Complete dissociation of the dimer anion was observed
with an excitation energy of about 2.6 eV. The break-
down curves from the CID experiments for the ferulic
and sinapic acid dimer anions are depicted in Figure 6.
Both dimer anions show a similar dissociation behavior,
with the main dissociation product being the monomer
anions. The energies required for 50% dissociation of
the dimer anion are approximately 1.8 eV for FA and 1.7
eV for SA. These energies exceed typical contributions
from hydrogen bonds, which have strengths of about 20
kJ/mol or 0.21 eV each [22], but are lower than typical
energies needed for rupture of covalent bonds (’ 3 eV)
[31]. Besides hydrogen bonding between the carboxylic
groups of the matrix species in the cluster ions, ion–
dipole interactions presumably account for the rela-
tively high dissociation energies. The fact that loss of a
neutral matrix molecule is the main dissociation prod-
uct also suggests that the bond nature is noncovalent.
Interestingly, CO2 loss from the dimer anion is also
observed at relatively low dissociation energies, which
might play a role in the MALDI desorption process.
In order to ensure that the translational energy
imparted into the ions was completely converted into
internal energy, an experiment was carried out in which
CID dissociation products were monitored as a function
of number of collisions. This was determined by chang-
ing the time delay between the pulsed valve trigger
(t 5 0 s) and application of the CID waveform. The
relative argon concentration in the ICR cell was deter-
mined by electron impact (EI) ionization and detection
of the resulting argon ions. CID product ion ratios and
the relative argon concentration as a function of the
time delay between the pulsed valve trigger and appli-
cation of the CID waveform are shown in Figure 7. In
this CID experiment, the sinapic acid dimer anion was
excited to an energy of 2.1 eV. Under our instrumental
conditions, the product ion ratio did not change signif-
icantly for delay times between 0.13 and 0.7 s, although
the pressure in the cell kept rising. We conclude that for
delay times longer than 0.13 s the argon pressure in the
ICR cell was sufficiently high to promote complete
conversion of translational into internal energy. Addi-
tional collisions, corresponding to longer time delays,
did not further increase the fragment ion ratio. The
argon pressure reached its maximum value only after
about 1.5 s. This is due to the fact that the pulsed valve
is located 2 m away from the ICR cell, with flow
restrictions between. For delay times longer than 0.7 s,
Figure 5. CID spectra of the ferulic acid dimer anion [FA2 2 H]
2
with (a) 0.02 eV, (b) 1.74 eV, and (c) 2.58 eV excitation energy. The
main dissociation product is the monomer anion [FA 2 H]2.
Figure 6. Breakdown diagrams of (a) the ferulic acid dimer anion
[FA2 2 H]
2 and (b) the sinapic acid dimer anion [SA2 2 H]
2.
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the efficiency of the dissociation process decreased,
which can be explained by continuous damping of
the ions. As the pressure increases to very high
values, excitation of ion cyclotron motion and thus
ion activation is prevented by the large number of
collisions [32]. The CID experiments presented in
Figures 5 and 6 were performed with a 0.3 s delay
between the pulsed valve trigger and application of
the CID waveform, well within the region of com-
plete energy conversion.
Consequences for MALDI Ion Formation
Possible proton transfer reactions for primary matrix
ion generation include:
M 1 M3MH1 1 [M 2 H]2 (28)
M 1 M23MH
1 1 [M2 2 H]
2 (29)
F 1 M23 FH
1 1 [M2 2 H]
2 (30)
where M stands for a matrix molecule, M2 for a matrix
dimer, and F for a neutral matrix fragment. With the
literature data [7] and the results reported here, sinapic
acid is now the MALDI matrix best characterized with
respect to thermochemical data on proton transfer. The
data for ferulic acid are similar, but the FA fragment ion
GBs have not been determined yet. In Table 4, the
required energies for reactions 28, 29, and 30 are sum-
marized for sinapic acid.
The most striking consequence of these results is that
a proton transfer between a matrix dimer and a mono-
mer (reaction 29) costs 1.2 eV less energy than the
recently suggested proton disproportionation between
two matrix molecules (reaction 28) [9]. Moreover, if we
assume a proton transfer between a neutral matrix
fragment and a neutral matrix dimer (reaction 30), then
the required energy is only 4 eV. The most abundant
signals in LDI mass spectra of sinapic acid (see Figure 1)
arise from the products of reaction 30, e.g., the thermo-
chemically most favorable reaction seems to control the
observed final ion products in a MALDI plume.
Because gas-phase basicities of matrix and analyte
molecules usually do not differ so much, the proposed
proton transfer could also lead to direct ionization of
analytes instead of matrix molecules via reaction 31:
A 1 M23 AH
1 1 [M2 2 H]
2 (31)
Typical gas-phase basicities of peptides and proteins lie
between 830 and 1000 kJ/mol, and oligonucleotide GBs
were estimated to be roughly 955 kJ/mol [9]. Thus,
reaction 31 between analyte molecules and SA or FA
dimers requires energies between 455 (4.72 eV) and 285
kJ/mol (2.95 eV).
The matrix–matrix reactions 29, 30 and the matrix–
analyte reaction 31 require comparable amounts of
Figure 7. Relative CID product ion abundances of the deproto-
nated sinapic acid dimer [SA2 2 H]
2 as a function of the time
delay between the trigger for opening of the pulsed valve and
application of the CID waveform. The relative fragment ion
abundances do not significantly change for delay times between
0.13 and 0.7 s, indicating that conversion of translational into
internal energy was completed in this regime.
Table 4. Energies required for proton transfer reactions involving sinapic acid monomer, dimer, and fragment species. F 5 sinapic
acid 2 H2O
Reaction GB (neutral) GB (anion) Required energy
28 GB(M) 5 861 kJ/mola GB([M 2 H]2) 5 1400 kJ/molb DG 5 539 kJ/mol 5 5.59 eV
29 GB(M) 5 861 kJ/mola GB([2M 2 H]2) 5 1285 kJ/molb DG 5 424 kJ/mol 5 4.40 eV
30 GB(F) 5 901 kJ/mola GB([2M 2 H]2) 5 1285 kJ/molb DG 5 384 kJ/mol 5 3.98 eV
a[7].
bThis work.
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energy to proceed. Matrix and analyte can thus compete
for protons donated by the matrix dimers. Such pro-
cesses might be important for observation of the matrix-
suppression effect [33, 34]. Another aspect of the
present work which is consistent with the proposed
explanation for the matrix-suppression effect is the
participation of at least two matrix molecules in the
primary ionization events.
Recently, UV-MALDI experiments at wavelengths in
the range 360–450 nm were reported, and it was found
that peptide analyte signals could be obtained with
wavelengths of up to 435 nm [35]. Matrix ions were
observed at even longer wavelengths of up to 450 nm.
Assuming that two photons are required for initiation
of the MALDI ionization process, then even 450 nm
photons should provide enough energy for a proton
transfer. Two 450 nm photons have 5.51 eV, which is
more than sufficient for reactions of type 29, 30, and 31.
However, it is still unclear how the absorbed photon
energy could become available for the proton transfer
processes. A possible mechanism is internal conversion.
Potential mechanisms still have to be examined, for
example, by means of spectroscopic investigations.
The suggested proton transfer reactions do not ex-
clude the possibility of delayed analyte ionization,
meaning that the products of reactions 28–31 can fur-
ther react with neutral analyte. It was shown that matrix
ions in many cases can protonate or deprotonate ana-
lyte molecules via ground-state exoergic proton transfer
reactions [8, 9]. The contributions from prompt and
delayed analyte ionization could then explain the two
components of the MALDI plume observed in indepen-
dent studies [36, 37].
The method described here was restricted to matri-
ces with vapor pressures significantly lower than that of
the reference compounds. These matrices were ferulic
acid, sinapic acid, 2(-4-hydroxyphenylazo)-benzoic acid
(HABA), alpha-cyano cinnamic acid, and 2,4,6-trihy-
droxyacetophenone (THAP). From this rather small
selection, only ferulic acid and sinapic acid form dimer
anions which were sufficiently stable on the extended
time scale of the FT-ICR experiments. This does not
generally mean that in cases where dimer anions are
detected only in relatively low abundance, they do not
play a role. It is more likely that their lifetime is too
short for an ICR experiment lasting several seconds. For
example, in a linear TOF instrument where ions only
have to survive in the extraction region for some
microseconds, [M2 2 H]
2 and [M 2 H]2 type ions of
2,4,6-trihydroxyacetophenone formed upon laser de-
sorption can be detected with relative intensities of
approximately 1:4. Using the FT-ICR instrument with a
time scale of several seconds, the relative intensities of
dimeric and monomeric ions were only about 1:100.
This suggests that the THAP matrix dimer anions
generated in the MALDI process are relatively weakly
bound and dissociate upon colliding with neutrals to
form neutral matrix molecules and the observed mono-
mer anions.
We can calculate the kinetic energies of matrix ions
from their average initial velocities. These were re-
ported to lie between 540 [38] and 1140 m/s [39].
Assuming a mean value of 840 m/s, kinetic energies of
matrix dimer anions with masses 387 Da (FA) and 447
Da (SA) are 1.42 and 1.63 eV, respectively. Upon colli-
sions with neutral molecules in the expanding MALDI
plume, ion kinetic energy can be converted into internal
energy. From the CID experiments we know that these
energies are sufficient to dissociate the matrix dimer
anions, and conclude that the observed FA and SA
monomer anions are presumably dissociation products
rather than directly formed ions.
Conclusions
A new bracketing method for determining gas-phase
basicities from reaction efficiencies is developed, based
on structure-reactivity correlations. This approach has
substantial advantages over other methods because it
accounts for activation barriers in the bracketing reac-
tions that can substantially decrease reaction efficien-
cies. Instead of bracketing between two bases, all data
obtained in a bracketing series are exploited to fit
steeper or less steep transitions from exoergic to endo-
ergic reactions. The method was used to determine the
gas-phase basicities of deprotonated monomeric and
dimeric ferulic and sinapic acid matrix anions. Depro-
tonated sinapic and ferulic acid dimers are about 1.2 eV
less basic than the corresponding deprotonated mono-
mers. Proton transfer reactions between neutral matrix
dimers and matrix fragments are endoergic by 4 eV. For
similar reactions between matrix dimers and analyte
molecules, required energies were estimated to lie be-
tween 3 and 4.7 eV. These energies are easily provided
by two UV photons, even for wavelengths as long as
450 nm. The thermochemically most favorable proton
transfer reaction proposed here yields products that are
observed to be the most intense signals in a LDI matrix
spectrum. We conclude that neutral matrix dimers that
are released in the desorption process probably play a
key role in the MALDI ionization process.
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